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BACKGROUND OF THE INVENTION 
Field of the Invention 

The present invention relates to a method of 
manuf acturing -a t-h-in--f ilm- and- a— sputtering, apparatus , 
particularly to a method of manufacturing a thin film, and a 
sputtering apparatus, in which sputtering is performed to form 
a thin film having desired optical characteristics on a 
substrate . 

Description of the Related Art 

Attempts have heretofore been made to design an optical 
thin film using limited materials in the natural world in 
order to design optical spectral characteristics required for 
a certain product group. However, when the optical thin film 
is designed using the limited materials in this manner, the 
design becomes complicated, and it has been difficult to 
obtain the thin film having arbitrary optical characteristics. 

Therefore, it has been necessary to obtain a material 
having an arbitrary refractive index and decay coefficient, 
that is, a material which does not exist in the natural world. 

For example, to constitute a wide-band reflection 
preventive film, a material is required which hardly exists in 
the natural world and which has an intermediate refractive 
index (between 1.46 and 2.20). For example, as 



to glass, in general, when a reflectance of glass is set to 
a low reflectance in a general visible light range, a 
material is required to have a refractive index in a range 
of 1.46 to 2.20- The reflectance is referred to as the 
-i m te-rmed-i at e~ re f r a c t ive i ndex JThe following te chn i que s 
are known in which the above-described intermediate 
refractive index is obtained. 

That is, the followings have been known: a technique 
for simultaneously evaporating from separate evaporation 
sources a low-refractive material {e.g., Si0 2 (refractive 
index: 1.46)} and a high-refractive material {e.g., Ti0 2 
(refractive index: 2.35)} to obtain the intermediate 
refractive index (1.46 to 2.40) by a mixture ratio; a 
technique for mixing the low and high-refractive materials, 
and evaporating the materials simultaneously from one 
evaporation source to obtain the intermediate refractive 
index by the mixture ratio; an equivalent film technique 
for equivalently obtaining the intermediate refractive 
index by a combination of the low and high-refractive 
materials and the like. 

Moreover, as a technique capable of arbitrarily 
controlling the refractive index and capable of obtaining a 
metal compound thin film whose optical or mechanical 
characteristics and the like are stabilized, a technique is 
known in which after sputtering on a substrate each target 
comprising a low-refractive material {e.g., Si0 2 
(refractive index: 1.46)} and a high-refractive material 
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{e.g., Ti0 2 (refractive index: 2.35)} to form a super thin 
film comprising a composite metal, an active seed of a 
reactive gas such as oxygen is brought into contact with . 
the super thin film, and the super thin film is reacted 

5 with— the— act ive__se_ed_ of the reactive gas, and converted 

into a compound of the composite metal. This step is 
repeated until a compound thin film of the composite metal 
is formed on the substrate. The thin film has a desired 
film thickness and optical characteristics (e.g., Japanese 
10 Patent Application Laid-Open No. 09-263937 (pages 2 and 3, 
FIG. 1) ) . 

In this technique, each target is sputtered 
comprising at least two or more independent heterogeneous 
metals, the super thin film is formed comprising a 

15 composite metal or an incomplete reactant of the composite 
metal on the substrate, the formed super thin film is 
brought into contact and reacted with the active seed of a 
reactive gas mixed with an inactive gas having a chemically 
inactive property, and the film is converted into the 

20 compound of the composite metal. This step is repeated 

until arbitrary optical characteristics are obtained within 
a range of the original optical property of the compound of 
a single metal constituting the compound thin film of the 
composite metal (e.g., Japanese Patent Application Laid- 

25 Open No. 2001-011605 (pages 2 to 4, FIG. 1)). 

Furthermore, a method is also known in which a flow 
rate of the reactive gas is adjusted when introduced into a 
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reaction or film-forming process zone, and accordingly 
optical characteristics are adjusted such as a refractive 
index and a decay coefficient with respect to the formed 
thin film. 

5— However, the re has been a problem that it is 

difficult to control the refractive index and obtain a 
process having a stabilized quality in the technique for 
evaporating the low and high-refractive materials 
simultaneously from the separate evaporation sources to 

10 obtain the intermediate refractive index by the mixture 

ratio, the technique for mixing the low and high-refractive 
materials, and evaporating the materials simultaneously 
from one evaporation source to obtain the intermediate 
refractive index by the mixture ratio, the equivalent film 

15 technique for equivalently obtaining the intermediate 

refractive index by the combination of the low and high- 
refractive materials and the like. 

To solve the problem, the technique is known in 
which after sputtering on the substrate each target 

20 comprising the low and high-refractive materials to form 
the super thin film comprising the composite metal, the 
super thin film is brought into contact and reacted with 
the active seed of the reactive gas like oxygen, and 
converted into the component of the composite metal- This 

25 step is repeated until the compound thin film of the 

composite metal is formed on the substrate- The thin film 
has the desired film thickness and optical characteristics. 
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It is to be noted that the term "super thin film" is 
used in order to prevent confusion with the "thin film" 
because the super thin film is deposited a plurality of 
times and formed into a final thin film, and it is meant 

_5_ the_ super thin film is sufficiently thinner than the final 

"thin film". 

According to this technique, the refractive index 
can be arbitrarily controlled, and the metal compound thin 
film can be obtained whose optical or mechanical 

10 characteristics and the like are stabilized. However, at 

least two or more types of a plurality of metals need to be 
used as the target. Although the metal compound thin film 
comprising the composite metal can be obtained, there has 
been a problem that it is difficult to form the thin film 

15 whose refractive index is arbitrarily controllable and 

whose optical and mechanical characteristics and the like 
are stabilized by the use of the single metal only. 

To solve the problem, the technique is known in 
which in the use of the single metal only as the target, 

20 the flow rate of the reactive gas is adjusted when 

introduced in performing the sputtering, and the optical 
characteristics of the formed thin film are adjusted. The 
optical characteristics include the refractive index, decay 
coefficient and the like. 

2 5 As shown in FIGS. 8, 9, for example, when oxygen is 

used as the reactive gas, it is possible to adjust the 
refractive index and the decay coefficient which are the 



optical characteristics of the thin film formed by changing 
an oxygen flow rate in a range in which the oxygen flow 
rate is excessively high or low, for example, in a relation 
between the oxygen flow rate and the optical 
— char.act.eristics^_of _the_ thin film which are the refractive 
index and decay coefficient. However, a graph rapidly 
changes in a range in which the oxygen flow rate is 15 seem 
or less and which does not include 0 seem, and the oxygen 
flow rate needs to be strictly adjusted in order to form 
the thin film having the refractive index and decay 
coefficient which are obtained by the use of the oxygen 
flow rate in this range. 

As shown in FIGS. 8, 9, when the oxygen gas flow 
rate increases or decreases, a so-called hysteresis 
phenomenon occurs where change routes differ in the 
refractive index and decay coefficient which are the 
optical characteristics of the thin film. Therefore, it is 
more difficult to control the optical characteristics of 
the thin film by adjusting the oxygen gas flow rate. 

Thus, when forming the thin film having a refractive 
index in a range of about 1.5 to 3.5, and a decay 
coefficient in a range of about l.OxlO" 3 to 12.0xl0~ 3 , the 
oxygen flow rate needs to be strictly adjusted. 

Therefore, in the method in which the oxygen flow 
rate is adjusted to thereby form the thin film having the 
refractive index and decay coefficient in the above- 
described ranges, reproducibility is unsatisfactory 
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depending on a range of the oxygen flow rate, and it is 
very difficult to form the thin film having the desired 
optical characteristics with a high reproducibility. 
Therefore, there has been a demand for a technique for 

~5 forming- the - t-hin-iilm_h.aving_tl^_ - re^Mctive index and decay 

coefficient which are the optical characteristics in these 
ranges . 

SUMMARY OF THE INVENTION 

10 The present invention has been developed in view of 

the above-described problems, and an object is to provide a 
thin film manufacturing method "and a sputtering apparatus 
for manufacturing a thin film with a high reproducibility. 
The thin film has optical characteristic values in a region 

15 in which a hysteresis phenomenon occurs where a change 
route of the optical characteristic value differs with 
respect to a reactive gas flow rate, when a flow rate of a 
reactive gas is increased or decreased by the use of a 
single metal only. 

20 According to the present invention, there is 

provided a method of forming a thin film, comprising an 
intermediate thin film forming step of sputtering a target 
comprising a single type or a plurality of types of metals 
to form an intermediate thin film comprising the metal or 

25 an incomplete reactant onto a substrate; a film composition 
converting step of bringing the formed intermediate thin 
film into an active seed of a reactive gas mixed with an 



inactive gas having a chemically inactive property in such 
a manner that the intermediate thin film is reacted with 
the active seed of the reactive gas, and converted into a 
compound of the metal; and an optical characteristic 
— a-dj-us.tln.g_-s_t.ep of repeatedly conveying a substrate holder 
between a zone to perform the intermediate thin film 
forming step and a zone to perform the film composition 
converting step while controlling a conveying speed of the 
substrate holder for holding the substrate, repeatedly 
performing the intermediate thin film formation and the 
film composition conversion, and accordingly adjusting a 
film composition of a finally formed thin film to form the 
thin film having an optical characteristic value of a 
region in which a hysteresis phenomenon occurs where a 
change route of the optical characteristic value differs 
with a reactive gas flow rate in a case where a flow rate 
of the reactive gas is increased and a case where the flow 
rate is decreased. 

Thus, the substrate holder is formed in such a 
manner as to be movable between the film formation process 
zone to perform the intermediate thin film forming step and 
a reaction process zone to perform the film composition 
converting step, and the moving speed of the substrate 
holder can be adjusted. Then, it is possible to adjust a 
sputtering time in the film formation process zone and a 
reaction time of the intermediate thin film with the active 
seed of the reactive gas in the reaction process zone. 
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Therefore, the composition of the finally formed thin film 
can be adjusted, and it is possible to easily form with a 
high reproducibility the thin film having the optical 
characteristic value in the region where the hysteresis 

—5 phenomenon jpc curs . The region is a range in which it is 

difficult to control the optical characteristic value of 
the thin film. 

At this time, in the optical characteristic 
adjusting step, the substrate holder is rotated/driven. 

10 The holder holds the substrate on an outer peripheral face 
thereof, and has a cylindrical shape or a hollow polygonal 
pole shape. A rotation speed of the substrate holder is 
preferably controlled to thereby form the thin film of the 
optical characteristic value of the region in which the 

15 hysteresis phenomenon occurs. 

Consequently, the substrate held by the substrate 
holder is repeatedly smoothly conveyed between the film 
formation process zone and the reaction process zone, and 
the rotation speed of the substrate holder is controlled, 

20 so that a stable conveying speed control is possible. 

Moreover, it is possible to form the thin films at 
once by sputtering with respect to a large number of 
substrates held on the outer peripheral face of the 
substrate holder, and a mass production of the thin films 

25 is possible. 

Furthermore, the region in which the hysteresis 
phenomenon occurs is the region of the optical 
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characteristic value of the thin film formed at a reactive 
gas flow rate -introduced when performing the sputtering. 
The flow rate is 15 seem or less, and does not include 0 
seem. 

5 In— th.e_ r_e_gion,_ since a ratio of the change of the 

optical characteristic is large with respect to a change of 
the reactive gas flow rate, and the hysteresis phenomenon 
occurs, it is very difficult to control the optical 
characteristic of the formed thin film by the adjusting of 

10 the reactive gas flow rate. Therefore, in the region, 
instead of adjusting the reactive gas flow rate, the 
rotation speed of the substrate holder is adjusted to 
thereby control the optical characteristic of the formed 
thin film, and it is possible to form the thin film having 

15 the desired optical characteristic with the high 
reproducibility. 

According to the present invention, there is 
provided a thin film forming apparatus comprising: a 
substrate holder which is disposed in a vacuum tank and 

20 which holds a substrate; a film formation process zone 
which is disposed in the vacuum tank and in which 
sputtering is performed with respect to a target comprising 
a single type or a plurality of types of metals to form an 
intermediate thin film on the substrate; a reaction process 

25 zone comprising active seed generating means for generating 
an active seed of a reactive gas, and disposed in the 
vacuum tank, in which the intermediate thin film is reacted 



with the active seed of the reactive gas to form a thin 
film; partitioning means for spatially separating the film 
formation process zone and the reaction process zone from 
each other; substrate holder driving means for driving the 
„s.ubsj:j^^_hplder in order to convey the substrate between a 
position facing the film formation process zone and a 
position facing the reaction process zone; and substrate 
holder conveying speed controlling means for controlling 
the substrate holder driving means in a range configured to 
form the thin film having an optical characteristic value 
in a region where a hysteresis phenomenon occurs in which a 
change route of the optical characteristic value differs 
with respect to a reactive gas flow rate in a case where 
the flow rate of the reactive gas is increased and in a 
case where the rate is decreased. 

Thus, the apparatus comprises the substrate holder 
driving means for driving the substrate holder in order to 
convey the substrate between the position facing the film 
formation process zone and the position facing the reaction 
process zone, and the substrate holder conveying speed 
controlling means for controlling the conveying speed of 
the substrate holder. Accordingly, when the conveying 
speed of the substrate holder is only set, it is possible 
to easily form the thin film having the desired optical 
characteristic with a high reproducibility as compared with 
a case where the reactive gas flow rate is adjusted to 
adjust the optical characteristic of the formed thin film. 



In this case, the region where the hysteresis 
phenomenon occurs is a region of the optical characteristic 
value of the thin film at the reactive gas flow rate which 
is 15 seem or less and which does not include 0 seem. 

In__this_ region, since the ratio of the change of the 

optical characteristic is large with respect to the change 
of the oxygen flow rate, and the hysteresis phenomenon 
occurs, it is very difficult to control the optical 
characteristic of the formed thin film by the adjusting of 
the oxygen flow rate. Therefore, by the use of the thin 
film forming apparatus configured to adjust the rotation 
speed of the substrate holder in stead of adjusting the 
oxygen flow rate in this region, the optical characteristic 
of the formed thin film is controlled, and the thin film 
having the desired optical characteristic can be formed 
with the high reproducibility. 

Other advantages and the like of the present 
invention will be apparent from the following description. 

BRIEF DESCRIPTION OF THE DRAWINGS 

FIG. 1 is an explanatory view showing a sputtering 
apparatus of the present invention; 

FIG. 2 is a transverse section explanatory view 
along a line A-B-C of FIG. 1 showing the sputtering 
apparatus of the present invention; 

FIG. 3 is a graph showing dependence of a thin film 
optical characteristic on a substrate holder rotation 



speed; 

FIG. 4 is a graph showing dependence of the thin 
film optical characteristic on the substrate holder 
rotation speed; 

EI.G.._._5__is__an explanatory view of a constitution 

example of a plasma source; 

FIG. 6 is an explanatory view of a constitution 
example of the plasma source; 

FIG. 7 is an explanatory view of a constitution 
example of the plasma source; 

FIG. 8 is a diagram showing dependence of a thin 
film refractive index on an oxygen flow rate; and 

FIG. 9 is a diagram showing dependence of a thin 
film decay coefficient on the oxygen flow rate. 

DESCRIPTION OF THE PREFERRED EMBODIMENT 

The present invention is an invention relating to a 
method of manufacturing a thin film and a sputtering 
apparatus for performing sputtering to form a thin film on 
a substrate. An embodiment of the present invention will 
be described hereinafter with reference to the drawings. 
It is to be noted that members, arrangement of the members 
and the like described hereinafter do not limit the present 
invention, and can be variously modified within the scope 
of the present invention. 

In the present embodiment, film formation and 
reaction of an intermediate thin film are repeatedly 
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performed to form a thin film in order to obtain a targeted 
optical characteristic value and film thickness. 

A range of a targeted optical characteristic value 
of the thin film indicate optical characteristic values in 

__5 a..,region wherein a hysteresis phenomenon occurs in which a 

change route of the optical characteristic value changes 
with respect to a reactive gas flow rate in a case where a 
flow rate of a reactive gas is increased and in a case 
where the rate is decreased. The reactive gas is 

10 introduced in sputtering a single type or a plurality of 
types of metals to form the thin film 

FIG. 1 is an explanatory view showing a sputtering 
apparatus of the present embodiment. FIG. 2 is a 
transverse section explanatory view along a line A-B-C of 

15 FIG. 1. In the present embodiment, the sputtering 

apparatus is used for performing magnetron sputtering which 
is one example of sputtering, but the present invention is 
not limited to this apparatus. Another sputtering 
apparatus is usable which performs another known sputtering 

20 such as two-pole sputtering without using magnetron 
discharge . 

Main constituting elements of a sputtering apparatus 
1 of the present embodiment include: a vacuum tank 11; a 
substrate holder 13 for holding in the vacuum tank 11 a 
25 substrate (not shown) on which a thin film is to be formed; 
a servo motor 17 which is substrate holder driving means 
for driving the substrate holder 13; a control device 90 



which is substrate holder conveying speed controlling means 
for controlling the servo motor 17; a film formation 
process zone 20 to perform an intermediate thin film 
forming step; a reaction process zone 60 in which an 
-intermediate thin film _formed in the film formation process 
zone is brought into contact with an active seed of a 
reactive gas mixed with an inactive gas to perform a film 
composition converting step; partition walls 12, 16 which 
is partitioning means for forming the reaction process zone 
60; magnetron sputtering electrodes 21a, 21b which are 
sputtering electrodes; an alternating-current power supply 
23; and an active seed generation device 61 which is active 
seed generating means for generating an active seed. 

It is to be noted that in the present specification, 
the intermediate thin film is formed of a metal or a metal 
incomplete oxide, and is formed in .the film formation 
process zone. 

The vacuum tank 11 is formed of stainless steel 
usually used in a known sputtering apparatus, and a hollow 
member having a substantially rectangular parallelepiped 
shape. The vacuum tank 11 may have a hollow cylindrical 
shape. The bottom face of the vacuum tank 11 is connected 
to exhaust piping. As shown in FIG. 2, this piping is 
connected to a vacuum pump 15 for exhausting in the vacuum 
tank 11. A vacuum degree in the vacuum tank 11 can be 
adjusted by the vacuum pump 15 and a controller (not shown) 

The substrate holder 13 is disposed substantially in 
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a middle in the vacuum tank 11. The substrate holder 13 
has a cylindrical shape, and holds a plurality of 
substrates on its outer peripheral face. The substrate 
holder 13 may have a hollow polygonal pole shape, or a 

5 substantially jgonical Jhollow shape instead of the 

cylindrical form. The substrate holder 13 is electrically 
insulated from the vacuum tank 11, and has a floating state 
in a potential manner. The substrate holder 13 is disposed 
in the vacuum tank 11 in such a manner that a central axial 

10 line Z in a cylindrical direction of a cylinder extends in 
a vertical direction of the vacuum tank 11. While a vacuum 
state in the vacuum tank 11 is maintained, the substrate 
holder 13 is rotated/driven centering on the central axial 
line Z by the servo motor 17 disposed above the vacuum tank 

15 11. 

The servo motor 17 is a known servo motor, and is 
controlled by the control device 90 which is controlling 
means. The substrate holder 13 rotates by the driving of 
the servo motor 17, and a rotation speed is arbitrarily 

20 controlled in a range of 10 rpm to 150 rpm. 

The outer peripheral face of the substrate holder 13 
is provided with substrate holding means (not shown) for 
holding the substrates on the substrate holder 13, the 
substrate holding means is provided with concave portions 

25 (not shown) in which the substrates are to be stored, and 
the concave portions are formed in a row in a vertical 
direction. 
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In the present embodiment, it is assumed that the 
substrate having a flat plate shape is used whose face 
(hereinafter referred to as the "film forming face") for 
forming the thin film extends in parallel with a face 

- -5 (-hereinaf±.e.r_x^f^red jto_as the "substrate back face") 

opposite to the film forming face. A base constituting the 
substrate holding means is formed into such a shape that 
the surface of the concave portion facing the substrate 
back face turns in a direction vertical to the central 

10 axial line Z of the substrate holder 13, when the substrate 
is held. Therefore, the film forming face of the substrate 
turns to the direction vertical to the central axial line Z 
of the substrate holder 13. 

The film formation process zone 20 and the reaction 

15 process zone 60 are formed by the partition walls 12, 16 
fixed in the vacuum tank 11. The film formation process 
zone 20 is formed in a surrounded state by the partition 
wall 12, and the reaction process zone 60 is formed in a 
surrounded state by the partition wall 16. 

20 In the present embodiment, the partition wall 16 is 

fixed in the vacuum tank 11 in such a manner that the 
reaction process zone 60 is formed in a position rotated 
from a position where the film formation process zone 20 is 
formed by about 90 degrees on a circumference centering on 

25 a rotation axis of the substrate holder 13. 

When the substrate holder 13 is rotated/driven by 
the servo motor 17, the substrate held by the substrate 



holder 13 is conveyed between a position facing the film 
formation process zone 20 and a position facing the 
reaction process zone 60. Accordingly, the substrate 
relatively moves with respect to targets 29a, 29b disposed 
.in _ the film formation process zone 20 as described later. 

It is to be noted that the partition walls 12, 16 in 
the present embodiment are cylindrically rectangular 
parallelepiped member whose pair of faces facing each other 
are opened, and is formed of stainless steel. The 
partition walls 12, 16 are fixed between a side wall of the 
vacuum tank 11 and the substrate holder 13 in a vertically 
extended state from the side wall of the vacuum tank 11 
toward the substrate holder 13. In this case, one opened 
side of each of the partition walls 12, 16 abuts on the 
side wall of the vacuum tank 11, and the other opened side 
is fixed in the vacuum tank in such a manner as to face the 
substrate holder 13. In each of the partition walls 12, 16, 
a piping for water cooling (not shown) is attached in such 
a manner as to cool the partition walls 12, 16. 

The film formation process zone 20 is connected to a 
mass flow controller 25 which is gas introducing means via 
a piping. The mass flow controller 25 is connected to a 
sputtering gas container 27 to store an argon gas which is 
an inactive gas, and is connected to a reactive gas 
container 79 to store a reactive gas. The reactive gas can 
be introduced from the reactive gas container 79 into the 
film formation process zone 2 0 through the piping under 



control by the mass flow controller 25. Examples of the 
reactive gas are supposed to include an oxygen gas, 
nitrogen gas, fluorine gas, ozone gas. and the like. 

The magnetron sputtering electrodes 21a, 21b are 
-d-isposed.-on._a__wa.ll_ s urf ace of the vacuum tank 11 in such a 
manner as to face the outer peripheral face of the 
substrate holder 13 in the film formation process zone 20. 
The magnetron sputtering electrodes 21a, 21b are fixed to 
the vacuum tank 11 disposed in a ground potential via an 
insulating member (not shown) . The magnetron sputtering 
electrodes 21a, 21b are connected to the alternating- 
current power supply 23 via a transformer 24, and are 
constituted in such a manner that an alternating electric 
field is applicable. The magnetron sputtering electrodes 
21a, 21b hold the targets 29a, 29b. The targets 29a, 29b 
have flat plate shapes, and are held in such a manner that 
the surfaces of the targets 29a, 29b facing the outer 
peripheral face of the substrate holder 13 are directed in 
a direction vertical to the central axial line Z of the 
substrate holder 13. 

It is to be noted that, although not shown, a 
movable pre-sputtering shield is disposed between the 
targets 29a, 29b and the substrate holder 13 in the film 
formation process zone 20 in such a manner as to interrupt 
or open between the targets 29a, 29b and the substrate 
holder 13. When starting sputtering, the pre-sputtering 
shield interrupts between the targets 29a, 29b and the 
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substrate holder 13 until the sputtering is stably 
performed. After the sputtering is stably performed, the 
shield "opens between the targets 29a, 29b and the substrate 
holder 13 to thereby deposit sputtering atoms on the 
subst-rate-.af_ter_ t he _s put t e r i ng _ is stabilized. 

An opening is formed in the wall face of the vacuum 
tank 11 of the reaction process zone 60, and connected to 
the active seed generation device 61 which is active seed 
generating means. 

The active seed generation device 61 is referred to 
also as a radical source, and comprises: a reactive gas 
plasma generation chamber 63 comprising a quartz tube for 
generating reactive gas plasmas; an coiled electrode 65 
wound around the reactive gas plasma generation chamber 63; 
a matching box 67; a high-frequency power supply 69 
connected to the coiled electrode 65 via the matching box 
67; a mass flow controller 77; and the reactive gas 
container 79 connected via the mass flow controller 77. 

As to the plasmas generated by electric discharge in 
the reactive gas plasma generation chamber 63 of the active 
seed generation device 61, constituting elements are plasma 
ions, electrons, radicals, radicals having excited states, 
atoms, molecules and the like. 

The active seed of the reactive gas in the plasma 
generated in the reactive gas plasma generation chamber 63 
can participate in a reaction process in the reaction 
process zone 60 . 
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The active seeds of the reactive gas are ions, 
radicals and the like. The radicals are free radicals, and 
atoms or molecules having one or more unpaired electrons. 
The excited state indicates a state having energy higher 

-5 fehan-4:ha.t-x>.f_..a_sj^^ lowest energy. 

The reactive gas, for example, an oxygen gas is 
supplied into the reactive gas plasma generation chamber 63 
from the reactive gas container 79 via the mass flow 
controller 77, and a high-frequency power is applied to the 

10 coiled electrode 65 from the high-frequency power supply 69 
via the matching box 67. "Then, the plasma of the reactive 
gas is generated in the reactive gas plasma generation 
chamber 63. 

Moreover, as shown in FIGS. 1, 2, external magnets 
15 71 are disposed outside the reactive gas plasma generation 
chamber 63, and inner magnets 73 are disposed in the 
reaction process zone 60. The external magnets 71 and 
inner magnets 73 have function of forming a magnetic field 
of 20 to 300 gausses and thereby generating high-density 
20 plasmas in a plasma generation section to enhance an active 
seed generation efficiency. It is to be noted that in the 
present embodiment, both the external magnet 71 and the 
inner magnet 73 are disposed, but either one of the 
external magnet 71 and the inner magnet 73 may be disposed. 
25 A method of manufacturing a thin film will be 

hereinafter described using the above-described sputtering 
apparatus 1 of the present embodiment in accordance with an 
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example for manufacturing a silicon oxide (Si0 2 ) dielectric 
thin film. 

It is to be noted that in the present specification, 
the example will be described in which silicon or niobium 
is used_as the target, but the usable target is not limited 
to a single type of metal. That is, even when a plurality 
of types of metals are used as targets, a rotation speed of 
the substrate holder is controlled in a range in which a 
hysteresis phenomenon occurs, so that optical 
characteristics of the thin film can be controlled. 
(Step of forming thin film of silicon oxide) 

First, the substrate and the targets 29a, 29b are 
disposed in the sputtering apparatus 1. The substrate is 
held in the substrate holder 13 by the substrate holding 
means. The targets 29a, 29b are held by the magnetron 
sputtering electrodes 21a, 21b, respectively. Silicon (Si) 
is used as materials of the targets 29a, 29b. 

A targeted range of an optical characteristic value 
of the thin film is a region where the hysteresis 
phenomenon occurs in which a change route of the optical 
characteristic value with respect to a reactive gas flow 
rate differs in a case where the flow rate of the reactive 
gas* is increased and a case where the rate is decreased. 
The reactive gas is introduced in sputtering the targets 
comprising a single type or a plurality of types of metals. 

The hysteresis phenomenon is a phenomenon in which a 
value of B differs with respect to the same A depending on 
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the route of the change of A in a case where the other 
amount B changes with the change of a certain amount A. 

The present specification indicates a phenomenon in 
which values of a refractive index, decay coefficient and 

_5 :Jth_e_like indicating the optical characteristics of the thin 

film change in the different routes in the increase and 
decrease route of the flow rate of the reactive gas 
introduced when sputtering the targets comprising a single 
type or a plurality of types of metals. 

10 Next, the vacuum tank 11 is decompressed to a 

predetermined pressure, the servo motor 17 is operated, and 
rotation of the substrate holder 13 is started. 

A rotation speed of the substrate holder 13 is 
selected from a range of 10 rpm to 100 rpm, preferably 10 

15 rpm to 60 rpm in such a manner that the thin film having 
the desired optical characteristics is formed, and the 
control device 90 is set. 

Subsequently, after the pressure in the vacuum tank 
11 is stabilized, the pressure in the film formation 

20 process zone 20 is adjusted to l.OxlO" 1 to 1.3 Pa, 

Next, an argon gas which is an inactive gas for 
sputtering is introduced together with an oxygen gas which 
is a reactive gas into the film formation process zone 20 
via the sputtering gas container 27 and the reactive gas 

25 container 79 while flow rates are adjusted by the mass flow 
controller 25, and an atmosphere for performing the 
sputtering is adjusted in the film formation process zone 
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20. 

In this case, the flow rate of the argon gas 
introduced into the film formation process zone 20 is about 
300 seem. The flow rate of the oxygen gas introduced in 

^5 the. fi^j^_^rmat^on process zone 20 is adjusted into a 

desired value as described later. It is to be noted that a 
flow rate unit seem indicates a flow rate per minute at 0°C 
in 101325 Pa, and is equal to cmVmin. 

Next, an alternating-current voltage having a 

10 frequency of 1 to 100 KHz is applied to the magnetron 

sputtering electrodes 21a, 21b from the alternating-current 
power supply 23 via the transformer 24, so that an 
alternating electric field is applied to the targets 29a, 
29b. Accordingly, the target 29a forms a cathode (minus 

15 pole) at a certain time. In this case, the target 29b 

necessarily forms an anode (plus pole) . When a direction 
of an alternating current changes at the next time, the 
target 2 9b forms the cathode (minus pole) , and the target 
29a forms the anode (plus pole) . When a pair of targets 

20 29a, 29b alternately form the anode and cathode, a plasma 
is formed, and the target on the cathode is sputtered. 

When starting the sputtering, the pre-sputtering 
shield interrupts between the targets 29a, 29b and the 
substrate holder 13 until the sputtering is performed 

25 stably. After the sputtering is stably performed, the 

shield opens between the targets 29a, 29b and the substrate 
holder 13. Accordingly, after the sputtering is stabilized, 
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sputtering atoms can be deposited on the substrate. 

While the sputtering is performed, nonconductive or 
low-conductive incomplete silicon oxide, silicon oxide or 
the like sometimes stick to the anode. When the anode is 

5 converted into the c:athode by the alternating electric 

field, incomplete silicon oxide or the like is sputtered, 
and the target surface is brought into an original clean 
state . 

Moreover, when the pair of targets 29a, 29b 

10 repeatedly alternately form the anode and cathode, a stable 
anode potential state is constantly obtained, a plasma 
potential (usually substantially equal to an anode 
potential) is prevented from being changed, and incomplete 
silicon oxide is stably formed on the film forming face of 

15 the substrate. 

When the sputtering is performed in the film 
formation process zone 20 in this manner, an intermediate 
thin film comprising silicon or incomplete silicon oxide is 
formed on the film forming face of the substrate. The 

20 incomplete silicon oxide is an incomplete reactant in the 
present invention, and indicates incomplete silicon oxide 
SiO x (x < 2) lacking in oxygen which is a constituting 
element of silicon oxide SiC>2. 

A composition of a material constituting the 

25 intermediate thin film is determined by adjusting of the 
flow rate of the oxygen gas introduced into the film 
formation process zone 20, and a film thickness of the 



intermediate thin film is determined by the adjusting of 
the rotation speed of the substrate holder 13. 

That is, a relation is formed between the flow rate 
of the oxygen gas introduced into the film formation 
-process— zone_,2£L,___and_a ^^qich^metric coefficient x of 
incomplete silicon oxide SiO x (x < 2) constituting the 
intermediate thin film, and the relation indicates that a 
value of the stoichiometric coefficient x increases with an 
increase of the flow rate of the introduced oxygen gas. 

Moreover, when the rotation speed of the substrate 
holder 13 is raised, a sputtering time in the film 
formation process zone shortens. Therefore, the number of 
particles deposited on the substrate is reduced, and the 
film thickness of the intermediate thin film decreases. 

In the present embodiment, the flow rate of the 
introduced oxygen gas is adjusted into a desired value in 
such a manner that silicon or incomplete silicon oxide 
having a desired stoichiometric coefficient x is formed on 
the film forming face of the substrate, the rotation speed 
of the substrate holder 13 is adjusted in such a manner as 
to form a desired film thickness, and the sputtering is 
performed in the. film formation process zone 20. While the 
sputtering is performed, the intermediate thin film 
comprising silicon or incomplete silicon oxide is formed on 
the film forming face of the substrate, while 
rotating/driving the substrate holder 13 at a predetermined 
rotation speed to move the substrate holder 13. 
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Furthermore, although not shown, correction and 
shield plates are disposed between the magnetron sputtering 
electrodes 21a, 21b and the substrate holder 13, and the 
intermediate thin film may be formed in such a manner as to 
-have- a -film— th i.c knes.s„c[ist r ibu t i on in acco r dance with the 
shape of the shield plate. 

The intermediate thin film comprising silicon or 
incomplete silicon oxide is formed on the film forming face 
of the substrate in the film formation process zone 20. 
Accordingly, after performing an intermediate thin film 
forming step, the substrate is conveyed from a position 
facing the film formation process zone 20 to that facing 
the reaction process zone 60 by the rotating/driving of the 
substrate holder 13. 

In the present embodiment, in the reaction process 
zone 60, the silicon or incomplete silicon oxide 
constituting the intermediate thin film is oxidized/reacted 
and converted into silicon oxide (Si02) to thereby perform 
a film composition converting step. 

An oxygen gas which is a reactive gas is introduced 
into the reaction process zone 60 from the reactive gas 
container 79. A high-frequency power of 100 KHz to 50 MHz 
is applied to the coiled electrode 65 to generate plasmas 
by the active seed generation device 61. It is to be noted 
that the pressure of the reaction process zone. 60 is 
maintained at 7.0xl0" 2 to* 1.0 Pa. The active seeds of the 
reactive gas exist in the plasmas in the reactive gas 



plasma generation chamber 63, and the active seeds of the 
reactive gas are introduced into the reaction process zone 
60. 

Moreover, the substrate holder 13 rotates, and the 
-s-ubs.tr.at.e_.i_s conveyed to the position facing the reaction 
process zone 60. The intermediate thin film comprising 
silicon or incomplete silicon oxide has been formed on the 
substrate. Then, in the reaction process zone 60, a step 
is performed to oxidize/react silicon or incomplete silicon 
oxide constituting the intermediate thin film. That is, 
silicon or incomplete silicon oxide is oxidized/reacted by 
the active seed of the oxygen gas, and converted into a 
silicon oxide (Si0 2 ) . 

At this time, the rotation speed of the substrate 
holder 13 is adjusted to thereby determine the composition 
of the intermediate thin film. 

When the rotation speed of the substrate holder 13 
is increased, the film thickness decreases on the 
intermediate thin film formed in the film formation process 
zone 20, and the reaction is facilitated in the reaction 
process zone 60. Therefore, a conversion ratio of silicon, 
incomplete silicon oxide (SiO x ) into silicon oxide (Si0 2 ) 
increases in the reaction process zone. 

That is, in the reaction process zone 60, an amount 
of silicon, incomplete silicon oxide (SiO x ) converted into 
silicon oxide (Si0 2 ) changes depending on the rotation 
speed of the substrate holder 13. The composition of the 



formed thin film changes depending on the rotation speed of 
the substrate holder 13. 

Therefore, when the rotation speed of the substrate 
holder 13 is adjusted, it is possible to adjust the 
compp^^tip_n_ qf^ silicon, incomplete silicon oxide (SiO x ) , 
silicon oxide (Si0 2 ) constituting a finally formed thin 
film. The optical characteristics of the finally formed 
thin film are determined. 

When the rotation speed of the substrate holder 13 
is adjusted in this manner, the composition of the thin 
film is determined, and it is possible to form the thin 
film having the desired optical characteristic. 

FIG. 3 is a graph showing a relation between the 
rotation speed of the substrate holder 13 and the optical 
characteristic of the formed thin film. 

A refractive index and a decay coefficient are 
selected as parameters of evaluation of the optical 
characteristics of the formed thin film, the abscissa 
indicates a substrate holder rotation speed (rpm) , and the 
ordinate indicates the refractive index and decay 
coefficient. 

As shown in FIG. 3, according to the method of 
forming the thin film according to the present embodiment, 
the refractive index of the formed thin film can be 
controlled into 2.02 to 1.475 with the increase of the 
rotation speed of the substrate holder 13, and the decay 
coefficient can be controlled into 1.6xl0" 2 to 5.0xl0" 5 . 
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. In the present embodiment, the rotation speed (rpm) 
of the substrate holder 13 is determined in such a manner 
as to form the thin film having desired refractive index 
and decay coefficient based on FIG. 3. 

—5 I-t- is— tO-b.e__no_t_ed t hat the optical^ characteristics 

of the thin film were evaluated using measurement data of a 
spectral ellipso meter. 

Table 1 is a table showing the rotation speed of the 
substrate holder and a substrate passing time in the film 
10 formation process zone and reaction process zone in the 
present embodiment . 



[Table 1] 



Rotation 


Film forming 


Sputtering 


Film thickness 


Reaction 


speed 


rate before 


time 


before reaction 


time 


(rpm) 


reaction (nm/s) 


(s) 


(nm) 


(s) 


150 


0.2 


5. 63E-2 


1. 13E-2 


5.39E-2 


140 


0.2 


6.04E-2 


1.21E-2 


5.77E-2 


! 130 


0.2 


6.50E-2 


1.30E-2 


6.22E-2 


120 


0.2 


7.04E-2 


1 . 41E-2 


6.74E-2 


110 


0.2 


7.68E-2 


1.54E-2 


7 .35E-2 


100 


0.2 


8 .45E-2 


1. 69E-2 


8 . 08E-2 


90 


0.2 


9.39E-2 


1.88E-2 


8.98E-2 


80 


0.2 


1.0 6E-1 


2.11E-2 


1.01E-1 


70 


0.2 j 


1.21E-1 


2.41E-2 


1.15E-1 


60 


0.2 j 


1.41E-1 


2.82E-2 


1.35E-1 


50 


0.2 


1. 69E-1 


3.38E-2 


1. 62E-1 


40 


0.2 


2.11E-1 


4.23E-2 


2 . 02E-1 


30 


0.2 


2.82E-1 


5. 63E-2 


2.69E-1 


20 


0.2 


4.23E-1 


8 . 45E-2 


4.04E-1 


10 


0.2 


8 .45E-1 


1.69E-1 


8 .08E-1 



When the rotation speed of the substrate holder is 



adjusted in this manner, it is possible to control a 
15 sputtering time in the film formation process zone and a 
reaction time in the reaction process zone. As a result, 
it is possible to control the composition of the finally 
formed thin film. 



Moreover, in the film composition converting step in 
the reaction process zone 60, a final thin film is formed 
in such a manner that the film thickness of the final thin 
film is larger than that of the intermediate thin film. 

— -That— is.,., jwh.e.n, converting into silicon oxide (Si0 2 ) , 

silicon or incomplete silicon oxide SiO x (x < 2) 
constituting the intermediate thin film, the intermediate 
thin film is expanded, and the film thickness of the final 
thin film is set to be larger than that of the intermediate 
thin film. 

An expansion ratio depends on the flow rate of the 
oxygen gas introduced in the film formation process zone 20. 
That is, the flow rate of the oxygen gas introduced in the 
film formation process zone 20 is decreased in the 
intermediate thin film forming step in the film formation 
process zone 20. There is a relation such that an increase 
ratio of the film thickness increases with reduction of the 
value of the stoichiometric coefficient x of incomplete 
silicon oxide. In other words, in the intermediate thin 
film forming step, the flow rate of the oxygen gas 
introduced in the film formation process zone 20 is 
adjusted to thereby determine the stoichiometric 
coefficient x (when x is set to 0, the intermediate thin 
film comprises silicon) of incomplete silicon oxide 
constituting the intermediate thin film, and an increase 
ratio of the film thickness of the final thin film can be 
determined with respect to the intermediate thin film. 
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As described above, in the present embodiment, the 
rotation speed of the substrate holder is controlled, and 
the intermediate thin film forming step and the film 
composition converting step are repeated, while rotating 
-the- substrate- ho.l.dex_J^^^h_ich the substrate is mounted. 
Accordingly, the formation of silicon or incomplete silicon 
oxide (SiO x (x < 2) ) onto the substrate is repeated in the 
film formation process zone 20. The conversion of silicon 
or incomplete silicon oxide SiO x into silicon oxide (Si0 2 ) 
is repeated in the reaction process zone 60. The thin film 
can be formed which has the desired film thickness and the 
desired optical characteristics. 

The step of sputtering silicon to form the thin film 
has been described, and niobium can be similarly sputtered 
to form the thin film. FIG. 4 is a graph of a niobium 
oxide dielectric thin film showing a relation between the 
rotation speed of the substrate holder 13 and the optical 
characteristics of the formed thin film. 

A refractive index and a decay coefficient are 
selected as parameters of evaluation of the optical 
characteristics of the formed thin film, the abscissa 
indicates a substrate holder rotation speed (rpm) , and the 
ordinate indicates the refractive index and decay 
coefficient. 

As shown in FIG. 4, according to the method of 
forming the thin film according to the present embodiment, 
the refractive index of the formed thin film can be 
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controlled into 3.50 to 2.35 with the increase of the 
rotation speed of the substrate holder 13, and the decay 
coefficient can be controlled into 6.5xl0~ 2 to S.OxlO" 5 . 

In the present embodiment, the rotation speed (rpm) 
of the substrate holder 13 is determined in such a manner 
as to form the thin film having desired refractive index 
and decay coefficient based on FIG. 4. 

Operating conditions will be described hereinafter 
in a case where silicon is sputtered to form a thin film 
and a case where niobium is sputtered to form a thin film. 

(1) Sputtering conditions of silicon 
Supplied power: 7.0 kW 

Substrate temperature: room temperature 
Pressure in film formation process zone: 1.3 Pa 
Applied alternating-current voltage frequency: 40 

KHz 

Complete compound rate: 0.40 nm/s 

(2) Sputtering conditions of niobium 
Supplied power: 4.5 kW 

Substrate temperature: room temperature 
Pressure in film formation process zone: 1.3 Pa 
Applied alternating-current voltage frequency: 40 

KHz 

Complete compound rate: 0.35 nm/s 

(3) Driving conditions of active seed generation 

device 

Device: inductive coupling generation source shown 



t 



- 34 - 

in FIGS. 1, 2 

Supplied power: 2.0 kW 
Pressure: 6.5xl0 _1 Pa 

In the present embodiment, silicon and niobium were 
5_ used as materials of the targets, but the materials are not 
limited to them, and the materials of the targets 29a, 29b 
can be variously changed. 

(a) Metals are usable such as aluminum (Al) , 
titanium (Ti) , zirconium (Zr), tin (Sn) , chromium (Cr) , 

10 tantalum (Ta) , tellurium (Te) , iron (Fe) , magnesium (Mg) , 
hafnium (Hf ) , nickel*chromium (Ni-Cr) , and indium^tin (In- 
Sn) . Compounds of these metals are also usable such as 
A1 2 0 3 , Ti0 2 , Zr0 2 , Ta 2 0 5 , Si0 2 , Hf0 2 . 

When these targets are used, by the contact of the 

15 active seeds of the reactive gas in the reaction process 
zone 60, the film is formed: for example, an optical or 
insulating film of A1 2 0 3 , Ti0 2 , Zr0 2 , Ta 2 0 5 , Hf0 2 , MgF 2 or 
the like; a conductive film of ITO or the like; a magnetic 
film of Fe 2 0 3 or the like; or a super hard film of TiN, CrN, 

20 TiC or the like. 

(b) In the above-described embodiment, as shown in 
FIG. 1, the reactive gas is introduced into the film 
formation process zone 20 and the reaction process zone 60 
from the same reactive gas container 79, but the present 

25 invention is not limited to this constitution. The film 

formation process zone 20 and the reaction process zone 60 
may be connected to different gas containers so that 



- 35 - 



different gases having the same element can be introduced. 

In the above-described embodiment, oxygen is 
introduced as the reactive gas into the film formation 
process zone 20 and reaction process zone 60. Additionally, 
jraxipus_qases can be introduced such as: an oxidizing gas 
of ozone, nitrogen oxide (N 2 0) or the like; a nitriding gas 
of nitrogen or the like; a carbonic gas of methane or the 
like; a fluoric gas of fluorine, carbon fluoride (CF 4 ) or 
the like. It is to be noted that when a nitrogen gas is 
introduced into the film formation process zone 20, the 
introduced gas flow rate may be set to 300 seem of argon 
gas which is an inactive gas, and 9 to 60 seem of nitrogen 
gas . 

(c) In the present embodiment, as shown in FIGS. 1, 
2, as a reactive gas plasma section, an inductive coupling 
plasma source is used in which the electrodes are disposed 
outside or inside the reactive gas plasma generation 
chamber. As described later, other sources are usable: an 
inductive coupling plasma source in which a coiled 
electrode is disposed in the reactive gas plasma generation 
chamber (the following (1)); a capacity coupling plasma 
source (the following (2)); an inductive capacity coupling 
mixed plasma source (the following (3) ) . 

(1) Plasma source shown in FIG. 5: an inductive 
coupling plasma generation source in which a spiral 
(pyrethrum-coil-shaped) electrode 91 is disposed on an 
atmospheric side of a reactive gas plasma generation 



chamber 63 comprising a dielectric like disc-shaped quartz 
glass, and a high-frequency power of 100 KHz to 50 MHz is 
applied to the spiral electrode 91 to generate plasmas. 
FIG. 5(B) is a substantially explanatory plan view of the 
5 spiral electrode 91. 

(2) Plasma source shown in FIG. 6: a capacity 
coupling plasma generation source in which a flat-plate- 
shaped electrode 93 is disposed in a reactive gas plasma 
generation chamber 63, and a high-frequency power of 100 

10 KHz to 50 MHz is applied to the flat-plate-shaped electrode 
93 to generate plasmas. 

(3) Plasma source shown in FIG. 7: a plasma 
generation source in which a coiled electrode 95 or a 
spiral electrode is disposed in the reactive gas plasma 

15 generation chamber 63, and a high-frequency power of 100 

KHz to 50 MHz is applied to the electrode to generate mixed 
plasmas of inductive coupling and capacity coupling plasmas 
When the shape or the like of the coil is adjusted, a 
helicon wave plasma source is constituted, and a generation 

20 efficiency of active seeds in the plasma can be enhanced. 

(d) In the above-described embodiment, a so-called 
carousel type sputtering apparatus is used, but the present 
invention is not limited to the device. That is, any 
sputtering device may be used as long as the substrate 

25 holder can be repeatedly conveyed between the film 

formation process zone and the reaction process zone, and 
the conveying speed can be controlled unless the substrate 



holder is rotated/driven. 

For example, a sputtering apparatus may be 
constituted in such a manner as to repeatedly move the 
substrate holder in parallel. The processes in the 
intermediate thin film forming step and film composition 
converting step are similar to those of the method of 
manufacturing the thin film using the sputtering apparatus 
1 described in the above-described embodiment. When the 
conveying speed of the substrate holder is adjusted, the 
sputtering time and reaction time are adjusted, and the 
optical characteristics of the formed thin film can be 
determined. 



